Acoustic Microscopy for Materials Characterization by Atalar, A. et al.
Proceedings of the ARPA/AFML Review of
Progress in Quantitative NDE, July 1977–June 1978
Interdisciplinary Program for Quantitative Flaw
Definition Annual Reports
1-1979
Acoustic Microscopy for Materials
Characterization
A. Atalar
Stanford University
V. Jipson
Stanford University
C. F. Quate
Stanford University
Follow this and additional works at: http://lib.dr.iastate.edu/cnde_yellowjackets_1978
Part of the Materials Science and Engineering Commons
This 7. NDE for Advanced Materials is brought to you for free and open access by the Interdisciplinary Program for Quantitative Flaw Definition
Annual Reports at Iowa State University Digital Repository. It has been accepted for inclusion in Proceedings of the ARPA/AFML Review of Progress
in Quantitative NDE, July 1977–June 1978 by an authorized administrator of Iowa State University Digital Repository. For more information, please
contact digirep@iastate.edu.
Recommended Citation
Atalar, A.; Jipson, V.; and Quate, C. F., "Acoustic Microscopy for Materials Characterization" (1979). Proceedings of the ARPA/AFML
Review of Progress in Quantitative NDE, July 1977–June 1978. 41.
http://lib.dr.iastate.edu/cnde_yellowjackets_1978/41
Acoustic Microscopy for Materials Characterization
Abstract
An acoustic microscope with mechanical scanning and piezoelectric film transducers for the input and output
has been developed for the microscopic examination of materials.1 In the reflection mode it is possible to
work with an acoustic wavelength of 0.5 micrometers and a resolution that compares to that of the optical
microscope. The elastic images of material surfaces as recorded with this instrument display interesting
features which provide information which complements the optical microscope. In particular we find that
different phases show up with good contrast and in alloy material the texture of the grains can be recorded
since the grain orientation influences the acoustic reflectivity.
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ACOUSTIC MICROSCOfY FOR MATERIALS CHARACTERIZATION 
A. Atalar, V. Jipson and C. F. Quate 
Stanford University 
Stanford, California 94305 
ABSTRACT 
An acoustic microscope with mechanical scanning and piezoelectric film transducers for the input and 
output has been developed for the microscopic examination of materials.1 In the reflection mode it is pos-
sible to work with an acoustic wavelength of 0.5 micrometers and a resolution that compares to that of the 
optical microscope. The elastic images of material surfaces as recorded with this instrument display in-
teresting features which provide information which complements the optical microscope. In particular we 
find that different phases show up with good contrast and in alloy material the texture of the grains can 
be recorded since the grain orientation influences the acoustic reflectivity. 
THE SCANNING PRINCIPLE 
With conventional microscopes it is common to 
view the entire field of view with one setting of 
the controls. The image appears either on the ret-
ina of the observer, on photographic film or on a 
fluorescent screen. With acoustic radiation there 
is no available method for recor~ing the ent·ire 
field of view in·this manner. Other means must be 
found. We want to use piezoelectric films for they 
are efficient .• highly sensitive and they operate 
over the entire range of interest. With this 
choice one could in principle build up an array of 
detectors to form an acoustic retina. In such an 
array careful attention must be given to both the 
phase and amplitude of the signal from each element. 
The degree of complexity in this system was such 
that we found that we were working on arrays whereas 
it was the microscope that held our interest. A 
single detector and a mechanically scanned object is 
the alternative. In an imaging system .based on 
scanning the beam is tightly focused and the image 
field is constructed point by point as the object is 
moved in a raster pattern thro~gh the focus of the 
beam. 
At first we turned to this system as an exped-
ient but as we gained experience we found that a 
scanned system has advantages not found in conven-
. tional systems. 
In electron microscopy the scanning principle 
is widely used in both SEM and STEM. They have 
found it advantageous to use single detectors where 
the response can be optimized to highlight selected 
parameters in the scattered radiation. 
The primary drawback for the mechanical system 
required for acoustic scanning is the speed. It is 
slow. Several seconds are required to build up a 
single frame as compared to television rates of 30 
frames/second. This will be overcome in time for we 
have built mechanical systems that operate at ten 
. frames a second but the work to be reported here 
will be limited to the systems which use slow scans. 
The advantages inherent to scanning systems 
with focusing were not obvious in the beginning. 
It is now becoming evident that scanning systems 
which record a single point at a time exhibit prop-
erties that are different from those that display 
the entire field of view. In the scanned system 
there is no problem with coherent radiation. Since 
the energy at the focus is confined to a diameter 
that is less than one wavelength in dimension there 
are no interference fringes of the type that are 
~ommon with optical microscopes that use coherent 
laser radiation. ·These fringes arise from the scat-
tered radiation from two points on the object that 
are separated by many wavelengths. 
We have been operating a reflection micro-
scope2'3'4 for some time now at a frequency of 1100 
MHz (A= 1.4 ~m). We have also carried out some 
preliminary work at 3000 MHz (A= 0.5 vm). With 
this instrument we have learned that it has .some 
interesting and perhaps unique properties when used 
to study the microscope features of materials and 
integrated circuits. 
THE INSTRUMENT 
The transmission instrument which has been 
developed at Stanford5 consists of two confocal 
lenses, one to focus the acoustic radiation down to 
the smallest possible diameter, the "waist", the 
other to collimate the radiation transmitted through, 
or scattered by, the object which is placed in the 
focal plane and which is mechanically moved tele-
vision-like in two orthogonal directions, in the 
focal plane. Figure 1 is a sketch of the geometry 
of the microscope which is almost as simple in 
reality as in the sketch. Water fills the space 
between the lenses and the object, held in place by 
capillary attraction. 
The lenses are simple spherical surfaces ground 
into sapphire blocks. They are almost aberration-
free because (1) they are small (typically 100 mic-
ron radius of curvature} and (2} the effective re-
fractive index between water and sapphire is 7.45. 
The large change in velocity reduces spherical 
aberration to a negligible quantity. · 
The "field of view" for such a lens is small 
but this can be tolerated with a mechanically scan-
ned microscope since good imaging quality is only 
required on the axis. The resolution of these 
lenses has been measured; it corresponds closely to 
the "Rayleigh-criterion" of a single lens, which 
states that the distance d between two object 
points which can be resolved is given by d = (0.66V 
N.A.) where ,X is the wavelength in the medium and 
N.A. is the numerical aperture (the sine of the 
half-angle of convergence). In our imaging system 
we use two lenses as shown in fig. 1 and the spatial 
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frequency response of this combination is almost 
twice that of a si~gle lens. 
PIEZOELECTRIC 
TRANSDUCER 
ZnO LAYER BETWEEN 
METAL ELECTRODES 
PIEZOELECTRIC 
TRANSDUCER 
Fig. 1 --Sketch of microscope geometry. 
In operation, a fraction of a watt of micro-
wave power is converted into a plane acoustic wave 
in the sapphire block by one of the transducers. 
The sph:rical le~s converts this into a spherically 
converg1ng wave 1n the water. After it is modified 
or scattered by the object which is mechanically 
moved across the waist of the acoustic beam it is 
collimated, or made plane, by the second lens so 
that the radiation impinges everywhere in phase on 
th: second transducer. The electrical signal from 
th1s transducer is amplified, rectified and used to 
modulate the display which may be a cathode-ray 
tube scanned in synchronism with the motion of the 
object. The magnification is simply the ratio of 
t~e deflection of the ~athode-ray tube spot to the 
d1splacement of the obJect. Figure 2 shows the 
microscope with its mechanical scanning system. 
. S~ far the mechanical scanning we have used is 
s1nuso1~al a! a freque~cy near 60 Hz in one, say, 
the x-d1rect1on and un1form motion in the y-direc-
tion, so that it takes several seconds to obtain a 
complete picture, recorded with a camera attached 
to the cat~ode-ray tube screen. The scan amplitude 
and hence the field of view is but a fraction of a 
millimeter; if a larger object is to be examined 
~he p~cture h?s to be pieced together from adjoin-
1ng p1ctures 1n the form of a mosaic. 
. T~e usual pi~ture shows detail by way of an 
1ntens1ty modulat1on; the more radiation reaches 
~he detedtor the brighter the image. It is an 
1nherent feature of any scanning type of microscope 
that the contrast in the picture is under the con-
trol of the operator of the instrument. If the 
signal-to-noise ratio is adequate, a variation in 
the ra~iation transmitted thro~gh, or reflected by, 
the obJect of, say 1%, can eas1ly be amplified to 
appear as a 100% modulation in the final picture. 
In the acoustic microscope, at microwave frequencies, 
~Je find that the contrast exhibited by most ob-j:cts_is large enough so that contrast amplifica-
tlon 1s not needed and it is possible to record a 
signal which is directly proportional to the ampli-
tude of t~e radiation received by the second lens. 
Thus the 1nstrument can be made quantitative in a 
very simple a~d direct manner. 
Fig. 2--Photograph of the acoustic microscope's 
mechani ca 1 components. . 
Much of our work has been done with a reflec-
tion mode. The essential parts of this form of 
the acoustic imaging system is shown in Fig. 3. 
The transducer which is piezoelectric generates 
the acoustic wave. It serves to convert the rf 
voltage across the piezoelectric film into a olane 
acoustic wave propagating normal to the surface. 
The acoustic lens is merely a spherical cavity on 
the opposing side of the crystal. It serves to 
focus the plane wave into a narrow waist at the 
focal point. A liquid, such as water, fills the 
gap between the object and the lens in order to 
provide a path for sound propagation. The re-
flected sound wave returns through the lens to the 
transducer which is now acting to convert the 
~coustic signal into the electrical signal. It is 
1mportant to note that the transducer is sensitive 
to the phase of the returning wave and that the rf 
voltage at the output is obtained by integrating 
the acoustic field over the area of the transducer. 
A microwave circulator separates the reflected and 
incident signals. Normally the object is near the 
focus point and it is mechanically scanned in a 
raster pattern normal to the axis of the beam. The 
amplitude of the returning signal is used to con-
trol the intensity of a synchronously scanned elec-
tron beam in a CRT. In this way the image is dis-
played on the CRT and it is recorded by photograph-
ing the face. 
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Fig. 3-The configuration of the scanning acoustic 
microscope as used in the reflection mode. 
ACOUSTIC MICROGRAPHS FOR INTEGRATED 
CIRCUITS AND MATERIALS 
The product of any investigation with a micro-
scope is the final image and in this section we will 
include acoustic micrographs as selected to illus-
trate the present state of acoustic imaging at 
microwave frequencies. 
In the first micrograph of Fig. 4 we show the 
cross section and optical image of an integrated 
circuit fabricated with silicon-sapphire. The 
acoustic images of this structure are shown in Fig. 
5. There we see the change in contrast a.s we change 
the spacing between the lens and the sample. 
t•n tuul<tv pOll~+ Hfi•t ol>u>H 
11•u•nu 
Fig. 4 -The cross section and optical image of the 
SOS device of Fig. 5. 
!al OPTICAL (b) ACOUSTIC (c) 
Fig. 5 -Optical (a) and Acoustic (b), (c) images of 
H-MOS transistors on an SOS chip. Acoustic 
images are recorded at different Z posi-
tions. Source (S), gate (G), metal connec-
tion (MC) and substrate (Sub) regions are 
indicated. 
This feature of altering the lens-sample 
spacing is further illustrated .in Fig. 6. There 
we display the magnitude of the reflected signals 
as a function of the lens~sample spacing. In this 
case there is no transverse scanning as is common 
for imaging. We see that the maximum return occurs 
when the sample is at the focal point of the acous-
tic beam and it diminishes on either side of this 
point. The important point is that the shape of 
this curve is dependent on the elastic properties 
of the reflecting surface. We have carried out the 
analysis which tells us that this curve is a sensi~ 
tive function of the shear wave velocity in mate-
rial under examination. Still more on this topic 
can be seen in the micrographs of Fig. 7. There we 
show the response for pure silicon, for silicon 
with a 1 ~m layer of aluminum and for silicon with 
2 ~of silicon. The shape of the curve varies be-
cause of the acoustic energy that is confined to 
the aluminum layers. It suggests that one can 
exploit this effect to monitor changes in the thick-
ness of metallization layers such as this. 
Another application of this idea is shown in 
Fig. 8. At the top we have an optical image of an 
SOS circuit- the dark region is the sapphire sub-
strate, the grey regions are silicon and the bright 
stripes are aluminum (7 ~ in width). On top of 
the silicon layer and beneath the aluminum there is 
a 300 X layer of oxide. This allows the aluminum 
to "crossover" the silicon without interference. 
At these points where they want the voltage on the 
aluminum stripe to control the silicon current {or 
gate) th~ oxide thickness is reduced from 3000 ~ 
to 1000 ~. The two squares in the acoustic image 
indicate the regions where the oxide is reduced. 
In Fig. 9 we show the optical and acoustic images 
of a silicon IC circuit. The greater contrast in 
the acoustic image results from the variations in 
the layering. In some ways this contrast improves 
the quality of the image in that it allows the 
viewer to more easily see the composition of the 
layering. 
- -_,· , _, -i~~t - . 
> ' ~ -
SAPPHIRE 
' -· ' 
- .;. ... 
- • l • .. • } ~ 
.-- - ' 
-- -
· _,t I 
;_ ';.~' ' 
- . . . 
Si 
-
\!,{~/-
- >;. - • - - - ' 
GaAs 
f•750MHz 
3.75p.m/ div 
ENVELOPE OF THE CURVES 
SHOW REFLECTION 
AMPLITUDE 
Fig. 6 --The V(Z) curves for single crystals. 
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Fig. 7 -The V(Z) curves for silicon with layering. 
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Fig. 8 -Optical and acoustic comparison of SOS 
silicon devices. 
Fig. 9 
And finally in Fig. 10 we compare the optical 
and acoustic image for the polished surface of an 
alloy of Cobalt-Titanium. The hillocks in the opti-
cal image represents surface contours. The dark 
region in the acoustic image represent regions 
where the'phase of the material has changed. There 
are four possible phases in the Co-Ti alloy and each 
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of these phases have a different reflection coef-
ficient for acoustic waves since the elastic con-
stants vary from phase to phase. This shows up in 
the acoustic micrograph as four different shades of 
grey. 
(a) OPTICAL QIC 1---------< 
IOOJJ-m 
(b) ACOUSTIC (IIOOMHz) 
Co -Ti ALLOY SHOWING 4 PHASES. OVERALL COMPOSITION, 59 "'oCo 
41% Ti 
Fig. 10 
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